Abstract. Indoor spaces accommodate large populations of individuals. With appropriate indoor positioning, e.g., Bluetooth and RFID, in place, large amounts of trajectory data result that may serve as a foundation for a wide variety of applications, e.g., space planning, way finding, and security. This scenario calls for the indexing of indoor trajectories. Based on an appropriate notion of indoor trajectory and definitions of pertinent types of queries, the paper proposes two R-tree based structures for indexing object trajectories in symbolic indoor space. The RTR-tree represents a trajectory as a set of line segments in a space spanned by positioning readers and time. The TP 2 R-tree applies a data transformation that yields a representation of trajectories as points with extension along the time dimension. The paper details the structure, node organization strategies, and query processing algorithms for each index. An empirical performance study suggests that the two indexes are effective, efficient, and robust. The study also elicits the circumstances under which our proposals perform the best.
Introduction
People spend large parts of their lives in indoor spaces such as office buildings, shopping centers, conference facilities, airports, and other transport infrastructures. At the same time, such spaces are becoming increasingly large and complex. For example, the New York City Subway has 468 stations and a network of 842 miles. Each day, the subway serves more than 6 million users, totalling 2+ billion annually.
With the deployment of indoor positioning based on technologies such as RFID [23], Bluetooth [8], , large volumes of tracking data are becoming available that enable a range services akin to those enabled by GPS-based positioning in outdoor settings. Example services include indoor navigation, personal security, and those providing insight into how and how much the indoor space is being used, which is important in planning applications and for the pricing of advertisement space and store rentals. Motivated by these observations, this paper provides two techniques for the indexing of the trajectories of objects moving in symbolic indoor space.
Over the past decade, much research has been devoted to outdoor applications involving moving objects [9, 24] , and substantial research concerns the indexing and querying of the positions of moving objects [2, 6, 12, 13, 14, 18, 20, 21, 25] and their trajectories [5, 17] . However, the outcomes of this body of research is not easily applicable in indoor scenarios. First, indoor space is typically modeled differently from outdoor space, where either Euclidean space or a spatial network is typically assumed. Indoor space is characterized by entities such as doors, rooms, and hallways that enable and constrain movement. This renders movement more constrained than outdoor Euclidean movement. Consequently, geometric representations, e.g., the linear model that is widely adopted for describing outdoor movement, are not suitable for describing indoor movement. Further, indoor movement is less constrained than outdoor spatial-network movement, where the position of an object is constrained to a position on a polyline. As a result, symbolic models, rather than geometric models, of indoor space are often used [4] , which renders indexes for outdoor moving objects inapplicable.
Second, indoor positioning technologies differ fundamentally from those typically assumed in outdoor settings. Unlike GPS and cellular technologies, which are capable of continuously reporting the position and velocity of an object with varying accuracies, we assume indoor positioning technologies that rely on proximity analysis [11] and are able to report neither velocities nor exact locations. In particular, an indoor moving object is detected only when it enters the sensing or activation range of a positioning device, e.g., an RFID reader, or a Bluetooth base station.
We propose two R-tree based structures for indexing the trajectories of objects moving in symbolic indoor space, together with algorithms for the processing of pertinent queries, including spatiotemporal range and topological queries. We assume a symbolic representation of indoor space and use RFID for positioning. The trajectory of an object is then represented as a series of records, each of which indicates that the object is within the activation range of a specific RFID reader during a period of time.
The RTR-tree, similar to the R-tree, uses a specific node organization. It organizes a trajectory as a set of line segments in the plane spanned by positioning readers and time. For each type of query, a corresponding geometrical representation is derived and used to search the RTR-tree similarly to how an R-tree is searched.
The TP 2 R-tree uses the same underlying space, but applies a data transformation that turns a trajectory into a set of points in the plane, augmented with temporal extents. The objective is to obtain a better node organization. When a node overflows during insertion, splitting is handled by taking the time extents into consideration such that fewer node accesses are expected by subsequent queries. Efficient query processing algorithms for the TP 2 R-tree are also detailed. A comprehensive performance study on synthetic and real data sets is conducted to evaluate the two indexes, together with relevant query processing algorithms. A wide range of parameter settings are applied. The results show that tree construction is scalable with respect to the trajectory data size and that query processing is quite efficient.
The paper's contributions may be summarized as follows. The paper formalizes a moving-object trajectory model and trajectory-related queries in symbolic indoor space. It presents two index structures with different node organization strategies that apply specifically to indoor trajectories. It presents accompanying algorithms for the processing of pertinent queries. Finally, it presents the results of a comprehensive and favorable performance study of the paper's proposals.
The rest of this paper is organized as follows. Section 2 describes existing indexes for moving objects. Section 3 presents the assumed data model, the assumed representation of indoor trajectories, and the queries considered. Sections 4 and 5 detail the RTR-tree
